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Aluminum nitride nanowires have been synthesized in bulk from carbon nanotubes (CNTs)
at relatively low temperatures. This method produces AlN nanowires through the reaction
of the carbon nanotubes, Al, and Al2O3 in a flowing NH3 atmosphere. The diameters of the
products, mainly in the range of 10-50 nm, correspond with the diameters of the carbon
nanotubes, which provides a promising way to control the diameters of the AlN nanowires.
The AlN nanowires fabricated in this way are single crystals covered by a thin amorphous
layer. The small diameter and single crystal form make the AlN nanowires highly flexible.
The growth mechanism of the AlN nanowires and the factors that allow a decrease in the
synthesis temperature are discussed.

Introduction

Aluminum nitride (AlN) has many attractive proper-
ties, including high thermal conductivity, low coefficient
of thermal expansion that closely matches that of silicon,
high electrical resistivity, good mechanical strength, and
excellent chemical stability. Thus it has attracted
extensive interest for applications as electrical packag-
ing material and as components in structural compos-
ites.1 Meanwhile, AlN fibers and whiskers have recently
attracted even more attention, as the perfect or near
perfect crystal structure has a higher thermal conduc-
tivity (320 W‚(m‚K)-1)2 than ordinary polycrystalline
AlN ceramics (30-260 W‚(m‚K)-1),2,3 and the fibers in
the composites may exhibit better properties than
powders do.4,5 AlN powders or whiskers can be fabri-
cated through a variety of methods. Two of the most
extensively used methods in industry are carbothermal
reduction and nitridation of R-alumina,6,7 and direct
nitridation of Al powders.8-10 Because these methods
require a reaction temperature of 1973-2073 K and
g1773 K, respectively,10 nanoscale Al particles are
chosen, which can react with N2 completely at 1173-
1373 K.8,9 To improve homogeneous mixing of carbon
and alumina, the carbothermal reduction method has
been modified by using aluminum metalorganic com-

pounds instead of alumina as precursors.11-13 The other
two commonly used processes are self-propagating high-
temperature combustion synthesis (SHS)14,15 and mi-
crowave-assisted synthesis.16,17 The former has many
potential advantages such as low processing cost and
high production, while the latter can fabricate AlN in a
very short time with good energy efficiency. Besides the
methods mentioned above, aerosol synthesis (or chemi-
cal vapor deposition)18-20 and electrochemical synthe-
sis21 methods are also exploited for synthesis of AlN.
Although ceramic nanowires are claimed to exhibit
special properties,22,23 hitherto AlN nanowires thinner
than 50 nm have seldom been obtained in bulk.8,9,15

Recently, a new process to synthesize nanowires based
on templates was developed and was proved to be
generally useful.24-32 Based on a carbon nanotube
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confined reaction or a substitution reaction, several
kinds of nanowires have been fabricated.26-32 The aim
of the present work is to fabricate AlN nanowires in bulk
with small diameters, especially in 10-50 nm range at
relatively low cost, using the carbon nanotube confined
reaction method.

Experimental Section

The experimental system used for producing AlN nanowires
is similar to the one reported previously.27 Solid reactants,
commercial Al2O3 powders (-200 mesh, i.e., less than 74 µm
in size) or Al powders (-200 mesh) or mixture of both (1:1 in
weight) were placed in a ceramic boat and then covered by
carbon nanotubes (CNTs). On top of the CNTs, another thin
layer of the reactants mentioned above covered the CNT layer.

The amounts of the solids reactants (Al, Al2O3) are more than
the needs according to the reactions of Al (Al2O3) and the
CNTs. The ceramic boat was placed in an alumina tube or a
stainless steel tube placed in a conventional horizontal furnace.
Two kinds of CNTs were prepared by an improved floating
catalyst method.33 The CNTs produced by this method are high
in purity, and all of them are MWCNTs. The diameters of the
CNTs were not absolutely uniform. Statistical counting of more
than 1500 nanotubes revealed that the average diameters of
the two kinds of CNTs were about 15 nm (thin CNTs) and 35
nm (thick CNTs), respectively, and the detailed diameter
distributions for them are shown in Figure 1. NH3 or N2 were
used as reactant gas respectively, and their flow rates were
300-500 cm3(STP) min-1. Compared with the traditional
carbothermal reduction method, the AlN nanowires were
fabricated at a relatively low temperature of 1223-1473 K for
a shorter time of 1 h. Different synthesis conditions (listed in
Table 1) were used so that the synthesis parameters could be
optimized.

After the reactions, the black CNTs turned into a gray
product. The morphology and atomic structure of the product
were characterized by using a scanning electron microscope
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Figure 1. Size histogram for (a) the thin CNTs, (b) the thick CNTs, (c) the thin AlN nanowires fabricated by using the thin
CNTs, and (d) the thick AlN nanowires fabricated by using the thick CNTs.

Table 1. Synthesis Conditions of the AlN Nanowiresa

no. Al Al2O3 NH3 N2 Al2O3 tube stainless steel tube av diam (nm) of CNTs reacn temp(K)

1 + + + + 15 1223
2 + + + + 15 or 35 1273-1623
3 + + + + 15 1773
4 + + + + 15 1373-1573
5 + + + 15 1473-1573
6 + + + 15 1473-1773
7 + + + 15 1473-1673
8* + + + 15 1473-1673
9 + + + absent 1273-1573
a Notes: + denotes which is used in this experiment; * denotes that a little O2 is introduced.
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(SEM, JEM-6301F) and a filed-emission gun transmission
electron microscope (TEM, JEM-2010F). The TEM was equipped
with an energy dispersive spectrometer (EDS) and an electron
energy loss spectrometer (EELS).

Results

No crystalline nanowires are found until the reaction
temperature is raised to 1223 K (experiment 1). How-
ever, at this reaction temperature, only a small percent-
age of CNTs (less than 20%) are turned into crystalline
AlN nanowires. Fabrication of a higher percentage
(more than 95%) of AlN nanowires requires a higher
temperature (experiment 2). The products in this ex-
periment are mainly nanowires with a high aspect ratio
(length/diameter); their lengths range from several
micrometers to hundreds of micrometers. When carbon
nanotubes of 35 nm in average diameter are used as
the reactants, thick AlN nanowires of 35-40 nm in
average diameter are fabricated, while thinner AlN
nanowires of 15-20 nm in average diameter are ob-
tained when the carbon nanotubes of 15 nm in average
diameter are used (Figure 2). Due to the difference in
the diameter of the CNTs, the diameters of the AlN
nanowires are not very uniform. Some AlN nanowires
have diameters very much different from their average
diameter. In addition, some CNTs (marked by an arrow
in Figure 2) have larger diameters (>100 nm) and they
remain unchanged after the reaction. The detailed

diameter distribution of the AlN nanowires (also through
statistical counting) fabricated from the CNTs with
different average diameters is shown in Figure 1. It is
found that the diameter distributions of the AlN nanow-
ires are fairly similar to those of the CNTs. Most of the
thin AlN nanowires (Figure 1c) and CNTs (Figure 1a)
are less than 30 nm in diameter, while most of the thick
AlN nanowires (Figure 1d) and CNTs (Figure 1b) range
from 20 to 50 nm in diameter, especially in the range
of 30-40 nm. Despite the existence of a slight difference
in the diameter distribution of the AlN nanowires and
the CNTs, our results clearly show a direct proportional
relationship between the diameters of the AlN nanow-
ires and those of the CNTs. The template effect of the
CNTs on the growth of the AlN nanowires is distinct.
This template effect works at a wide range of reaction
temperatures and times. At temperatures less than
1623 K and in reaction times ranging from 30 to 200
min, the AlN nanowires have similar diameter distribu-
tion as shown in Figure 1. Thus by changing the
reactant carbon nanotubes, we can control the diameters
of the products. Since bulk fabrication of highly ar-
ranged carbon nanotubes with certain diameters is not
difficult,34,35 the above method would be a new and
effective way to control the diameter of the nanowire.
However, when the reaction temperature is raised to
1773 K, the nanowires are coarsened significantly as
shown in Figure 3. The diameters of the AlN fibers
fabricated at 1773 K are usually larger than 100 nm or
several hundreds of nanometers. In addition, some of
these AlN nanowires have low aspect ratio and anoma-
lous shapes. In some cases, the diameter along the axis
of the AlN fiber seems very uneven (Figure 3b). This
implies that the template effect of the CNTs does not
work well and some of the AlN fibers may grow in a
way similar to that of the nitridation of Al powders at
this high temperature.8-10

High-resolution electron microscopy (HREM) provides
structural details of the AlN nanowires. Figure 4a shows
an HREM image of a single AlN nanowire with a
diameter of about 10 nm. The nanowire is a good single
crystal coated with an amorphous layer. EELS of this
AlN nanowire is shown in Figure 5a. From the left to
the right, the peaks correspond to the Al-L2,3, N-K,
and O-K peaks, respectively, and their positions and
shapes are in good agreement with the reported re-
sults.6,36 It is noted that AlN nanowires with a relatively
thicker amorphous layer (The thickness of the layer is
lager than 1 nm, and the ratio of the diameter of the
crystalline core to the diameter of the nanowires is
usually larger than 0.7:1.) are seldom found. In most
cases, the typical nanowires usually have a very thin
(<1 nm) or intermittent amorphous layer. The HREM
image of the typical AlN nanowire is shown in Figure
4b. In some cases, there are stacking faults in the
nanowires. The selected area electron diffraction (SAED)
in Figure 4 and a serial of other SAED show that our
nanowires are of the hexagonal wurtzite type AlN with
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Figure 2. AlN nanowires synthesized by using the carbon
nanotubes with different average diameters: (a) 35 nm; (b)
15 nm. A thick CNT (>100 nm) remains unchanged after
reaction (marked by an arrow).
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lattice parameters of a ) 0.311 nm and c ) 0.498 nm.
The growth directions of the AlN nanowires (in Figure
4) are all normal to one of the {10‚0} crystal planes,
which is consistent with other works.37,38 Compared
with the EELS in Figure 5a, the O peak of the EELS in
Figure 5b of the nanowire with a very thin (or absent)
amorphous layer is much lower and O is present in
grounds below the detection limits. Considering the
precision of quantitative EELS in our TEM, the oxygen
content in this kind of AlN nanowires is less than 1%.
Since there is usually an amorphous layer of metal or
nonmetal oxide covering on the other nanowires syn-
thesized by the CNTs-confined method, we believe that
the amorphous layer is a compound of Al and O, which
results in a higher O peak of the EELS in Figure 5a.
The content of O in the AlN nanowires changes corre-
sponding to the thickness of the amorphous layer and
ranges from 5 to 30 at. %. If the component of the
amorphous layer is supposed to be Al2O3, then the
atomic ratios of the Al and N in the crystalline cores
are calculated as about 0.95-1.05. Meanwhile the ratios
of the Al and N in the nanowires with a very thin (or
absent) amorphous layer are about 0.97-1.03. Thus, the
nanowires in the present work are stoichiometric AlN
nanowires.

Similar to carbon nanotubes,39-41 these single-crystal
nanowires show good flexibility and high bending
strength.22,23 Under illumination of the electron beam
with varying current density in TEM, reproducible
bending of the AlN nanowires is also observed. An AlN
nanowire is in its original position when the current
density is small (Figure 6a), while the nanowire bends
to an angle about 45° at a higher current density (Figure
6b). If this higher current density is reduced to a small
enough value, the nanowire reverts back to its original
position again. As the bending can be varied continu-
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Figure 3. AlN nanowires (fibers) synthesized at 1773 K: (a)
SEM micrograph showing morphology of the fibers; (b) TEM
micrograph showing an AlN fiber with uneven diameter along
its axis.

Figure 4. HREM image of an AlN nanowire (a) with a
thick amorphous layer and (b) with a very thin amorphous
layer.
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ously, it is highly reproducible and exhibits spring-like
behavior; we assume that few defects are introduced by
the bending. The good single-crystal structure and the
good flexibility of the AlN nanowire would benefit its
application as components of ceramic or alloy compos-
ites.

Experiments 4-7 and experiment 9 show that Al,
NH3, and Al2O3 are all important to synthesize the
AlN nanowires. When CNTs are absent in experiment
9, no whiskers (or nanowires) but particles are found
in the products. The diameters of the particles range

from 100 nm to several tens of micrometers but are
mainly larger than 10 µm. EDS shows that the composi-
tions of the particles are mainly Al and N or Al and O,
respectively. The precursors of the former particles
may be the Al powders, which react with NH3 and
produce AlN. The precursors of the latter particles
may be Al2O3. Al2O3 powders do not react with NH3

greatly; thus, only a small amount of AlN deposits
on the Al2O3 particles. When Al is absent in experi-
ment 6, no AlN nanowires are found. When NH3 is
substituted by N2 in experiment 4, no AlN nanowires
are fabricated until the temperature is raised to 1373
K. When the Al2O3 powders (raw reactant) are absent
but an Al2O3 tube and Al2O3 boat are used (experiment
5), the yield of the AlN nanowires is small compared
with that in experiment 2. Moreover, when a stainless
steel tube and BN boat are used instead of the Al2O3

tube and the Al2O3 boat, respectively, and the Al2O3

powders are also absent (experiment 7), only a very
small quantity of the AlN nanowires can be found.
Experiment 8 provides a new way to synthesize the AlN
nanowires when other reaction conditions in experiment
7 are maintained. The new method is to introduce a
little O2 (1-5 vol %) into the NH3 flow. As shown in
Figure 7, there are nanowires, hollow crystalline nano-
tubes, CNTs, and CNTs covered by crystalline powders
in the product. The nanowires can be identified as
AlN nanowires. The results of experiments 5, 7, and
8 reveal that Al2O3 and O2 have a somewhat similar
effect in the growth of the AlN nanowires in the present
work.

Discussion

In analogous efforts to grow GaN nanowires,27 Ga2O
was concluded to be produced first through the following
reaction at 1173 K,

However, Al2O is difficult to obtain at low temperature
(for example, 1400 K) because it is hard to reduce Al2O3

by Al or carbon due to the high positive change of Gibbs

Figure 5. EELS spectra of an individual AlN nanowire (a)
with a thick amorphous layer and (b) with a very thin
amorphous layer.

Figure 6. Bending of an AlN nanowire in an electron beam
(a) in its original position and (b) bent to the right.

Figure 7. Morphology of the products obtained when O2 is
introduced but raw Al2O3 powders are absent.

4Ga(s) + Ga2O3(s) f 3Ga2O(g) (1)
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free energy ∆G for the following reactions:42

Meanwhile, Al and NH3 (or N2) may react with each
other even at 1173 K,8,9 and this is a highly exothermic
reaction (∆G ) -547.2kJ/mol).42

We assume that this highly exothermic reaction may
result in local high temperatures in some small areas.
This high temperature may promote reaction 2 or 3;
thus the AlN nanowires are produced according to the
following reactions:

Therefore, we assume that the AlN nanowires are
fabricated by two independent reactions. One is the
exothermic reaction of Al and NH3 (reaction 4), which
provides heat to promote the reduction of the Al2O3 by
carbon or aluminum. The other is the growth of the AlN
nanowires in the areas confined by the CNTs (reaction
5).

The growth mechanism can explain the importance
of the CNTs, Al, and Al2O3 in the reaction. CNTs act as
the template and play a key role to control the size of
the AlN nanowires. If the CNTs are absent, only
powders are fabricated as mentioned above. Besides
serving as the raw material for the fabrication of the
AlN nanowires, the Al2O3 powders act as oxidizers to
oxidize carbon. In an ideal CNTs-Al-NH3-AlN system
without oxygen, the CNTs would probably keep their
original forms and no AlN nanowires would be fabri-
cated. However, existence of a small amount of oxygen
in the present synthesis system is unavoidable, espe-
cially for the Al2O3 tube due to the micropores on it. Al
and O react slowly and produce Al2O3(g) . The newly
produced Al2O3(g) can be used to fabricate a small
quantity of AlN nanowires when the Al2O3 is not
introduced as the reactant in experiment 5. If O2 is
added into the reaction chamber (the stainless steel
tube) as in experiment 8, the added O2 reacts with Al
vapor and produces enough Al2O3(g) to synthesize the
AlN nanowires. Consequently, more AlN nanowires are
fabricated in experiment 8 than in experiment 5. On
the other hand, when a stainless steel tube is used to
replace the Al2O3 tube in experiment 7, less O2 can enter
into the reaction chamber and much fewer AlN nano-
wires are fabricated.

Al acts as not only the raw material to produce AlN,
but also a thermal energy source to promote the reaction
of Al2O3 with other reactants. However, the heat
produced by the reaction 4 is limited to a small area,
and reactions 2 and 3 are relatively difficult to carry
out; thus the yield of the Al2O is small. In similar work

to synthesize SiC nanowires,26,29,31,32 three reactions are
believed to occur:

Reaction 6 is the main reaction. The byproduct CO
gas in this reaction increases or decreases the diameters
of the SiC nanowires through reaction 7 or 8. A newly
developed method29 to synthesize SiC nanowires with
selected diameters is to put the CNTs in the down-
stream of the gas flow and to carry away CO gas rapidly
by Ar gas so that reactions 7 and 8 are greatly sup-
pressed. As mentioned above, the byproduct CO and the
intermediate product Al2O in our work are less. There-
fore, the existence of little byproduct and intermediate
product cannot greatly change the diameters of the AlN
nanowires and the CNTs show a good template effect.
However, at high reaction temperatures, for example,
1773 K, Al and NH3 may grow into the AlN fibers
directly and these fibers usually have larger diam-
eters.10,11,43

In the present work, the AlN nanowires start to grow
at 1223 K. The relatively low starting growth temper-
ature can be ascribed to the exothermic reaction of Al
and NH3, using NH3 as the reactant gas, and the large
surface area of the carbon nanotubes. As stated above,
the nitridation of Al is a highly exothermic reaction,
which may be one of the reasons for the growth of the
AlN nanowires at low temperatures. When NH3 is used,
the reaction temperature can be decreased by 200 K,43

which might be due to the formation of reactive atomic
nitrogen.44 In contrast, in the experiments using N2,
even at 1373 K, only a few imperfect AlN nanowires
were fabricated. Meanwhile, the high specific surface
area of the carbon nanotubes may promote the reaction
between Al2O and carbon, which is supposed to be
analogous to the role of nanoscale Al powders,7,8 and
therefore decreases the nitridation temperature. In fact,
as mentioned above, the carbon nanotube (marked by
an arrow in Figure 2) with a larger diameter (>100 nm)
remains unchanged after the reaction, while other
carbon nanotubes with smaller diameters turn into AlN
nanowires.

Conclusion

In summary, a carbon nanotube confined reaction has
been employed to synthesize AlN nanowires in bulk at
1223-1473 K. These AlN nanowires, whose diameters
are mainly in the range of 10-50 nm and directly
correlated with those of the carbon nanotubes, are
among the thinnest ones known. The nanowires are
good single crystals and show great flexibility, which
may be useful when these nanowires are used as
components of ceramic or alloy composites. Due to the
low synthesis temperature and use of the cheap com-
mercial reactants of Al and Al2O3 powders, the method

(42) Liang, Y. J.; Che, M. X. Handbook for thermodynamic data of
inorganic compounds; Press of Northeast University: Shenyang,
China, 1993.

(43) Kimura, I.; Ichiya, K.; Ishii, M.; Hotta, N.; Kitamura, T. J.
Mater. Sci. Lett. 1989, 8, 303.

(44) Bradshaw, S. M.; Spicer, J. L. J. Am. Ceram. Soc. 1999, 82,
2293.

Al2O3(s) + 2C(s) f Al2O(g) + 2CO
∆G ) 519.54 kJ/mol (2)

Al2O3(s) + 4Al(s) f 3Al2O(g)
∆G ) 512.64 kJ/mol (3)

2Al(s) + 2NH3 f 2AlN(s) + 3H2 (4)

2Al2O(g) + C(s) + 4NH3 f

4AlN(s) + CO + 5H2 + H2O(g) (5)

SiO(g) + 2C(s) f SiC(s) + CO (6)

SiO(g) + 2CO f SiC(s) + CO2 (7)

C(s) + CO2 f 2CO (8)
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should be suitable for the synthesis of thin single crystal
AlN nanowires for various applications. The growth
mechanism of the AlN nanowires is analyzed, and it is
proposed that the exothermal nitridation of the Al may
promote the growth of the AlN nanowires through the
CNTs-confined reaction. The relatively low reaction
temperature compared with the traditional carbother-
mic reduction may be attributed to the use of NH3, the

high specific surface area of the carbon nanotubes and
the exothermic reaction of the Al and NH3.
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